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APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 18 1 NOVEMBER 2004
Flux pinning behavior of incomplete multilayered lattice structures
in YBa 2Cu3O7−d

Paul N. Barnes,a) Timothy J. Haugan, Chakrapani V. Varanasi, and Timothy A. Campbell
Propulsion Directorate, Air Force Research Laboratory, Wright-Patterson AFB, Ohio 45433

(Received 20 May 2004; accepted 26 August 2004)

Magnetization results of YBa2Cu3O7−d films processed with interlayers of CeO2 inclusions are
presented. Unexpected flux pinning results that are different from previous observations with
nanoparticulate layered inclusions were observed. Flux pinning was found to be in some cases either
slightly improved at either low fields,0.5 T or in other cases at high fields.8 T although
degraded, sometimes severely, at interim magnetic fields. Most unexpectedly, the pinning
performance of the various samples rapidly converges as the temperature is reduced from 77 to
65 K, causing all films to have similarJcsHd behavior at 65 K even though dramatically different at
77 K. [DOI: 10.1063/1.1809274]
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YBa2Cu3O7−d (YBCO) superconductor films are bei
developed for a variety of applications since high crit
current densitiessJcd are maintained in applied magne
fields of a few tesla. Even though YBCO has good in-fi
properties, it is of interest to further improve upon this c
acteristic by incorporating additional flux pinning sites in
YBCO. The intrinsic mechanisms of flux pinning typica
occurring in as grown YBCO films are not immediately e
dent since the coherence length for this high temper
superconductor is quite small,j,1.5–2 nm.1,2 Because o
the small coherence length, a variety of atomic size s
tures or defects in the film can pin the fluxons.2 The smal
coherence length suggests that a high density of nano-
insulating particulates dispersed throughout the supe
ductor can be an effective pinning structure potentially
viding a greater pinning force than these intrin
mechanisms.

Indeed, a method has been reported by Hauganet al. to
incorporate nanoparticulate dispersions using pulsed
deposition into YBCO films.3,4 This was accomplished b
the subsequent deposition of YBCO(5–25 nm thick) on top
of nonsuperconducting Y2BaCuO5 (Y211)) island-growth
particles (,5–10 nm in diameter) dispersed on the prev
ously deposited YBCO layer. The layering was repeate
provide the desired thickness of the composite film, usu
0.3–3mm thick. Y2O3 has also been incorporated in t
same fashion with effective pinning.5 However, data pre
sented here using lattice matched interlayers of CeO2 provide
results that are not readily explained.

Relevant issues regarding the enhancement of pin
and its degradation include: multilayered structures or su
lattices, particulate density, particulate size, and disp
ment of nanoparticulate layers(or, conversely, the thickne
of the YBCO nanolayers). In previous multilayered stru
tures, the interlayers were intentionally made continuous
often thick. Regarding particulate density, the higher the
sity the more fluxons that can be pinned, but a loss in su
conducting volume will occur. The size of the particula
should approach a couple times the coherence length.2 The
separation between layered nonsuperconducting nanopa
late inclusions can lower the effective pinning of fluxo

a)
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although pinned YBCO samples with layers up to 50
thick separating the nonsuperconducting inclusions
showed no significant decrease in effective pinning(larges
thickness not yet determined).

Samples were prepared by pulsed laser depositio
Lambda Physik laser, model LPX 305i, was used at 248
the KrF wavelength. The ablation spot size was,6.5 mm2.
The oxygen deposition pressure was 300 mTorr kept
stant by downstream flow control while O2 gas flowed a
,1 l /min. Single crystal substrates of strontium titan
(STO) were attached to the heater using a thin layer of
loidal Ag paint. The heater temperature during depos
was 750 °C. Substrates sizes were approximately
33.2 mm2. The films were oxygen annealed after depos
by gradually cooling the samples in oxygen gas.

To create the multilayer structures, deposition of YB
was done first for 195 pulses at a 4 Hz rate which resu
a ,11-nm-thick film. A CeO2 target was then rotated in
place and several pulses of the laser were applied as spe
in Table I. The YBCO target was then rotated back into p
and the cycle repeated until,0.3-mm-thick composite film
were made. The sequential PLD depositions were autom
by computer control. Film growth was stopped between
layer while the other target was rotated into position.
Y211 and Y2O3 particulate inclusions referred to were c
ated in the same manner with use of the respective targ
lieu of the CeO2 at 780 °C. The experimental conditio
used to create CeO2 islands in YBCO samples are listed
Table I.

To determine the resulting pinning effect, samples w
mounted in a vibrating sample magnetometer. The sam

TABLE I. Experimental conditions used to grow CeO2 islands in YBCO
films.

Energy Rep rate Dep time Pulses
Sample smJd sHzd ssd (total No.)

1 511 4 3.75 15
2 511 2 4.5 9
3 196 2 4 8
4 196 4 3 12
5 196 2 2.5 5
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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were mounted such that the field was applied perpendi
to the wide face of the sample with currents induced in
a–b planes of the HTS films.M –H loops were obtaine
collecting data every second with a 100 Oe/s ramp rate
vibration frequency of 40 Hz. The resultingM –H loops
were volume normalized and then the magnetization cr
current densitysJcd was determined using Bean’s modelJc

=30 DM /d, whereDM is the hysteresis loop width andd is
the average sample size in the film plane. The onset s
conducting transition temperaturesTcd was measured usin
an ac susceptibility technique with the amplitude of the m
netic sensing field varied from 0.025 to 2.2 Oe, at a
quency of approximately 4 kHz.

The films were of good quality as determined from
susceptibility.Tc for the samples were 88–90 K, which
slightly depressed from plain YBCO(Tc of 90–92 K) using
the same processing conditions. This is typical of all pr
ous nanoparticulate layering. The spread of the mag
field lines in the ac loss data were narrow indicating g
films and showed a sharp single phase transition. Self-fieJc
values of most samples were high.1 MA/cm2.

An initial deposition of CeO2 resulted in almost com
plete planar inclusions of,2–3 nm thick within the YBCO
layer. In this case, in-field pinning was severely degra
compared to plain YBCO and pinning by Y211 nanop
ticles, although self-field values of each are comparable.
can be ascribed to the nature of the pancake vortices w
the high temperature superconductor copper-oxide plane
ing weakly coupled together. The CeO2 interlayers help de
couple the vortices degrading pinning. Lower deposi
times of CeO2 were used to avoid a continuous layer; ho
ever, the size of inclusions is affected more by the la
matching of the nonsuperconducting inclusions to YB
and the pinning density by length of deposition. Figur
shows the difference between Y2O3 nanoparticle inclusion
(upper) and that of the larger nanopatches of CeO2 (lower)
for longer(left) and shorter(right) deposition times. It can b
seen that Y2O3 particles are much smaller as compared
CeO2 inclusions. Y211 inclusions in a separate study sho
slightly smaller particle formation than Y2O3 likely due to a
different growth mechanisms based on lattice mismatch3,4

With the CeO2 patchwork interlayers, it is expected t

FIG. 1. Scanning electron micrographs of the surface following depo
on YBCO of Y2O3 (upper SEMs) and CeO2 (lower SEMs).
pinning will be less due to the large size of the inclusions
Downloaded 22 Nov 2006 to 134.131.125.49. Redistribution subject to AIP
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(see Fig. 2). However, significant exceptions occur in
resulting data for the nanopatches of CeO2 at either very low
or very high fields. At fields greater than 8 T, th
CeO2/YBCO samples match plain YBCO and Y211/YBC
sample performance and appear to become better alth
not clear. In other samples minor improvement over YB
occurred for,0.5 T. Generally, samples fell into the c
egory of low field improvement, high field improvement,
no improvement. All films displayed severely degraded
formance at moderate magnetic fields. Of greater intere
the difference in temperature dependence of
CeO2/YBCO samples. Figure 3 shows the field depend
at 65 K. In-field performance rapidly converges togethe
this temperature for all CeO2/YBCO specimens, even losi
the high field advantage of the two samples. This is con
to typical YBCO and nanoparticulate pinning by Y211
Y2O3. The natural assumption is that the CeO2 nanopatche
result in decoupling of many of the pancake vortices in
YBCO degrading pinning, but this does not explain the
expected behavior. Also, the high self-field performanc
most samples indicates that the chemical degradation d
barium cerate formation is not significant. Potential dop
of the superconductor in combination with the nanolay
structure may be possible.6

In conclusion, the use of CeO2 in interlayer inclusion
within YBCO provide unexpected flux pinning behavior.
some samples, pinning improvement over plain YBCO

FIG. 2. Jc vs applied magnetic field at 77 K for the samples with C2
islands.

FIG. 3. Jc vs applied magnetic field at 65 K for the samples with C2

islands.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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curred at low fields,,0.5 T, and in others with appare
improved pinning observed at high fields.8 T while Jc is
severely degraded at moderate fields. Most significant is
the pinning performance of the various samples rapidly
verges as the temperature of measurement is lowered
all CeO2/YBCO films behaving similarly at 65 K eve
though substantially different at 77 K.
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